Hydrogenated amorphous silicon-germanium (a-SiGe:H) solar cells are fabricated with different thicknesses of the i/n graded layer and profiling shapes for appropriate band gap profiling. Comparison of the solar parameters between the U-shape profiling and the exponential shape (E-shape) profiling has been carried out at the same total thickness. In the U-shape profiling, as the thickness of the i/n graded layer increase, the fill factor (FF) and open circuit voltage (V oc ) of p-i-n single-junction a-SiGe:H solar cells increase, but the short circuit current (J sc ) of cells decreases. In the E-shape profiling, the J sc of the a-SiGe:H cell is enhanced without significant losses in V oc . For further analysis, a modified E-shape profiling is incorporated in a-Si:H/a-SiGe:H double-junction cells, which has resulted in the improvement of V oc and FF of doublejunction cells to 1.67 V and 0.753, respectively, without significant reduction in J QE sc,SiGe , 12.58 mA/cm 2 .
Introduction
Hydrogenated amorphous silicon-germanium (a-SiGe:H) materials have the advantage that their band gaps can be easily changed by controlling the Si/Ge ratio. Therefore, they are used as middle or/and bottom cells for multijunction thin-film solar cells to enhance long-wavelength absorption. [1] [2] [3] [4] [5] [6] However, their electrical properties deteriorate with the increase in Ge content, which results from the enlargement of the mid-gap state, such as defect density, dangling bonds, and Urbach energy. 7, 8) To overcome these limitations, an appropriate band gap profiling, the so-called graded band gap profiling, has been studied. [8] [9] [10] [11] [12] [13] The band gap profiling simultaneously modifies the distribution of the trapped charges and the electric field profile, which strongly influences the recombination rate in hydrogenated amorphous silicon-germanium (a-SiGe:H). The U-shape band gap profiling and the V-shape band gap profiling are the most commonly used profiling schemes. The U-shape profiling reduces the recombination at the p/i and i/n interface and improves current density (J sc ). In contrast the V-shape profiling diminishes trapped charge concentration and omits recombination losses by decreasing the average Ge content, which enhances the open circuit voltage (V oc ) and the fill factor (FF). 10) To realize the advantages of these two types of profiling, the exponential shape (E-shape) profiling has been designed in Utrecht University. 10, 11) The E-shape profiling decreases the recombination losses and improves the electric field owing to the reduction in Ge content as in the V-shape. At the same time, it generates the same J sc as that in the U-shape profiling. 10) In this work, we optimized the E-shape profiling on the basis of the U-shape profiling to obtain a high J sc for the introduction of an a-SiGe:H solar cell as a middle cell into the triple-junction thin-film solar cells of a-Si:H/a-SiGe:H/ c-Si:H. We compare the solar parameters between the U-and E-shape profilings with different thicknesses and shapes of the i/n graded layer at the same total thickness in single-junction a-SiG:H cells. Additionally, on the basis of the results of single-junction cells, we modified the E-shape profiling using the changes in the H 2 dilution ratio of the i/n graded layer with various Si/Ge ratios. To characterize the effect of different profiling shapes (U-and modified E-shapes) and achieve the current matching in triple-junction cells, a-Si:H/a-SiGe:H double-junction cells are also investigated.
Experimental Procedure
The a-SiGe:H thin-film solar cells were prepared by RF plasma-enhanced chemical vapor deposition (PECVD) using SiH 4 , GeH 4 , and H 2 gases on textured Al-doped zinc oxide (ZnO:Al) glass substrates at a substrate temperature of 180 C, a pressure of 2 Torr, and an RF power density of 35 mW/cm 2 . The band gap of the a-SiGe:H graded layer was controlled by the GeH 4 /SiH 4 and H 2 /SiH 4 gas ratios during deposition and was measured using a spectroscopic ellipsometer (SE) with a Tauc-Lorentz plot. The minimum band gap of intrinsic a-SiGe:H layers is 1.47 eV. The typical cell structures consist of p-a-SiC:H/ p/i graded layer/ i-a-SiGe:H/ i/n graded layer/n-c-Si:H layer/ZnO:Al/Ag in single-junction cells, and p-a-SiC:H/buffer/i-a-Si:H/ n-c-Si:H layer and a-SiGe:H single-junction cells in double-junction cells.
Current-voltage (I-V ) diode characteristics were measured under illumination using a Wacom solar simulator under air mass (AM) 1.5G, and 25 C conditions. Spectral response measurements were performed under the AM 1.5G white bias condition for single-junction cells. To estimate the separate responses of the top and bottom cells in the double-junction cell (a-Si:H/a-SiGe:H), red and blue bias lights were illuminated on the samples, respectively. The shapes of graded layers were characterized by Auger electron spectroscopy (AES) depth profile analysis to confirm the identification between the designs of the i/n graded layer and experimental results. Figure 1 shows a schematic band gap profile of the i/n graded layer of the a-SiGe:H single-junction cells under U-and E-shape profilings. All the samples have the same Ã E-mail address: ookpark@kaist.ac.kr total i layer thickness of 225 nm and the p/i graded layer thickness of 12 nm with different thicknesses of the i/n graded layer. Figure 2 shows the experimental I-V characteristics of the different i/n graded layer thicknesses of 40, 80, and 120 nm in the U-shape profiling and E-shape profiling. In the U-shape profiling, as the thickness of the i/n graded layer increases, the configuration of cells approaches that in the V-shape profiling. The result is a reduction in the recombination in the absorption region; thus, V oc and FF increase. In contrast, the J sc of cells decreases, owing to the reduction of the thickness of the lowest band gap region. In triple-junction applications, the component cells (top/middle/bottom) should create a sufficient current to obtain an optimum current matching condition. In the case of the U-shape i/n-3 profiling, the J sc of cells is much smaller than that of other shape samples, and it is not adequate for triple-junction applications in our experiments in triple-junction cells.
Results and Discussion

a-SiGe:H single-junction cells with U-and E-shape profilings
As a consequence, the E-shape samples have been designed on the basis of the condition of i/n-2 profiling, as shown in Fig. 1 , at a fixed p/i graded layer thickness of 12 nm, as indicated by a bold line, to acquire a sufficient J sc . We have elongated the steps of the graded layer at the initial position of the i/n graded layer. To confirm the similarity in shape between the design and the experiment, the profile shapes are measured by AES. Figure 3 demonstrates the shape of the i/n graded layer measured by AES depth profile analysis: U-shape i/n-1, U-shape i/n-2, and E-shape profilings, At the highest Ge content ($40 at. %), the band gap is 1.47 eV. All the samples are prepared on the flat transparent conducting oxide (TCO) substrate to prevent the charge accumulation and scattering effects in AES analysis. As shown in this figure, the designed shapes are correctly applied to experimental results.
In the E-shape profiling, it is expected that the electric field is more enhanced in the bulk owing to the lower average content of Ge in the absorption layer than in the U-shape i/n-1 profiling, and more current is generated because of the higher average content of Ge than in the U-shape i/n-2 profiling. As shown in Fig. 2 , the E-shape profiling has a J sc that is kept the same as much as that in the U-shape i/n-1 profiling, and V oc is the same as that in the U-shape i/n-2 profiling. Accordingly, the E-shape profiling can successfully acquire the advantages of U-shape i/n-1 and i/n-2 profilings in terms of J sc and V oc , respectively. Hence, the FF of the E-shape profiling is intermediate to those of the i/n-1 and i/n-2 profilings. To enhance the FF of a-SiGe:H cells in the E-shape, the E-shape profiling is modified by varying the H 2 dilution ratio of the i/n graded layer with various Si/Ge ratios under continuous plasma deposition conditions. The E-shape shows that the best performance was obtained under filtered light, as shown in the literature; 10, 11) therefore, the performance of modified E-shape profiling is characterized in a-Si:H/a-SiGe:H double-junction cells to validate the modified profiling effects on actual conditions.
a-Si:H/a-SiGe:H double-junction cells
The U-shape i/n-1 and i/n-2 profilings shown in Fig. 1 the same top cells (a-Si:H). In the single-junction configuration, the top cell consists of p-a-SiC:H/buffer/i-a-Si:H/ n-c-Si:H/ZnO:Al/Ag with an intrinsic layer thickness of 130 nm, and an initial solar cell efficiency of 9.66%, J sc ¼ 14:0 mA/cm 2 , V oc ¼ 0:96 V, and FF ¼ 0:72 were achieved. For further the improvement in the FF of a-SiGe:H cells based on the E-shape profiling, the elongated steps of the i/n graded layer are restructured with various H 2 dilution ratios to enhance electrical and/or optical properties such as dark conductivity ( d ), photo conductivity ( ph ), sensitivity (ratio of ph = d ), and defect density. Shima et al. 14) reported that the electrical properties deteriorate at a low H 2 dilution ratio, at a substrate temperature of 230 C, and under a constant band gap condition. At the substrate temperature of 180 C, the degradation of electrical properties occurred at a H 2 dilution ratio higher than that at 230 C. Therefore, we modified the steps of the i/n graded layer by controlling the H 2 ratio to obtain the optimal electrical properties and a low defect density of each step without changes in the shape and band gap in E-shape profiling. At the same time, the plasma is always on during the deposition of the i/n graded layer, and the flow rates of reactant gases are continuously changed in one direction. For example, the SiH 4 gas flow rate is gradually increased during deposition of the i/n graded layer from 18 to 50 sccm.
The photovoltaic performances of the U-shape profiling and modified E-shape profiling in double-junction cells are shown in Fig. 4 . As shown in this figure, the modified E-shape profiling exhibits improved behaviors in not only the V oc but also the FF of double-junction cells as compared with both the U-shape i/n-1 profiling and U-shape i/n-2 profiling. The J sc values of the cells are similar, $8:8 mA/cm 2 , because of the same configuration of the top cell in the double-junction cells. The modified E-shape presents the best performance in double-junction cells similarly to that of filtered light cases 10, 11) owing to the reduction in the space charge defect density inside the i-layer, which decreases recombination losses. As described above, the modified i/n graded layer has high sensitivity and low defect density; therefore, the restructured layer also enhanced cell performance. Figure 5 shows the external quantum efficiency (EQE) spectra of U-shape i/n-1 and i/n-2 profilings and modified E-shape profiling in the a-Si:H/a-SiGe:H double-junction cells. The values of J QE sc,SiGe are measured under blue light bias condition in double-junction solar cells to obtain the J sc of a-SiGe:H cells. The J QE sc,SiGe values of the U-shape i/n-1 and i/n-2 profilings and modified E-shape profiling are 12.64, 12.34, and 12.58 mA/cm 2 , respectively. In Fig. 4 , the modified E-shape profiling demonstrates the highest V oc and FF values of 1.67 V and 0.753; it can also generate current as much as that in the U-shape i/n-1 profiling, as shown in Fig. 5 .
Finally, the a-SiG:H cell using modified E-shape profiling of the i/n graded layer is successfully applied as a middle cell in triple-junction cells of a-Si:H/a-SiGe:H/c-Si:H. An initial efficiency of 14.9% was achieved in a 1 cm 2 area. 15, 16) 
Conclusions
We optimized the E-shape profiling of the i/n graded layer in the a-SiGe:H layer on the basis of the U-shape profiling scheme. The E-shape profiling generated a J sc of singlejunction cells as high as that in the U-shape profiling without losses of V oc . For further improvement of the FF of cells, the E-shape was modified by varying H 2 dilution ratio to improve the electrical properties of the i/n graded layer.
The modified E-shape shows the improved V oc and FF without significant reduction in total J sc in a-Si:H/a-SiGe:H doublejunction cells. The a-SiGe:H cell with the modified E-shape profiling was successfully adopted as a middle cell of the triple-junction structure, and an initial efficiency of 14.9% was achieved in the 1 cm 2 triple-junction solar cell. U-shape i/n-1 U-shape i/n-2 Modified E-shape 
